We have observed a small sample of powerful double radio sources (radio galaxies and quasars) at frequencies around 90 GHz with the BIMA millimetre array, with the intention of constraining the resolved high-frequency spectra of radio galaxies. When combined with other sources we have previously observed and with data from the BIMA archive, these observations allow us for the first time to make general statements about the high-frequency behaviour of compact components of radio galaxies -cores, jets and hotspots. We find that cores in our sample remain flat-spectrum up to 90 GHz; jets in some of our targets are detected at 90 GHz for the first time in our new observations; and hotspots are found to be almost universal, but show a wide range of spectral properties. Emission from the extended lobes of radio galaxies is detected in a few cases and shows rough consistency with the expectations from standard spectral ageing models, though our ability to probe this in detail is limited by the sensitivity of BIMA. We briefly discuss the prospects for radio-galaxy astrophysics with ALMA.
INTRODUCTION
Although they are the dominant radio source population in the sky at low radio frequencies, steep-spectrum extragalactic radio sources (radio galaxies and lobe-dominated radio-loud quasars) have been relatively poorly studied at millimetre wavelengths (corresponding to frequencies > ∼ 100 GHz), although a good deal of work has been done on integrated flux density measurements of their flatspectrum, jet-dominated counterparts (e.g. Edelson 1987) . Where information on steep-spectrum radio sources at mm wavelengths is available in the literature (e.g. Steppe et al. 1988 Steppe et al. , 1995 it tends to be restricted to tables of integrated flux densities. This is presumably partly due to the intrinsic difficulty of mm-wave observations compared to those at 1-10 GHz, partly because the steep spectrum of most components of radio galaxies makes them harder to detect at higher frequencies, and partly because of a perception that there is little additional information to be gained at high frequencies.
High-frequency imaging observations of radio galaxies and quasars can have some astrophysical importance, however. In early work on the spectrum of the large-scale radio emission from powerful radio galaxies (FRIIs, Fanaroff & Riley 1974) , it was found that their spectra, measured at centimetre wavelengths, systematically steepen with distance from the hotspots, inferred to be the sites of particle acceleration at each end of the source (e.g. Myers & Spangler 1985 , Alexander & Leahy 1987 . The steepening was interpreted as evidence for 'synchrotron ageing', whereby the synchrotron energy loss process depletes high-energy electrons in the source (e.g. Pacholczyk 1970 , Jaffe & Perola 1973 , Leahy 1991 ).
If observations of spectral steepening in FRIIs are really a result of synchrotron ageing, then in principle resolved images of the radio spectra allow us to measure plasma age as a function of position in the source, which in turn allows the determination of quantities like total source age and expansion speed. However, the interpretation of the spectral steepening in FRIIs in terms of synchrotron ageing has been questioned more recently. Most dramatically, Katz-Stone, Rudnick & Anderson (1993) showed that the detailed centimetrewave spectrum of the extended 'lobe' emission in the powerful FRII source Cygnus A (3C 405) is not consistent with any conventional ageing model, arguing instead that the observations are consistent with a single, curved electron energy spectrum seen in a varying magnetic field; this would imply that ageing is in fact a negligible effect in the lobes. Introducing inhomogeneities into the field strength or electron population also seems likely to undermine 'traditional' spectral ageing. Rudnick (1999) gives a summary of the theoretical and observational problems faced by ageing models.
One important constraint on all models would be observations at wavelengths shorter than the centimetre wavelengths typically used in observations of radio galaxies. The effects of ageing become greater as we go to shorter wavelengths; in particular, there should be a very strong difference between the short-wavelength spectra of regions near and far from the hotspots in the standard picture. However, only a few powerful radio galaxies have been imaged at these short wavelengths. Cygnus A, the brightest such object in the sky, has been observed with the Berkeley Illinois Maryland Association millimetre-wave interferometer (BIMA) on sev-eral occasions (Wright & Birkinshaw 1984 , Wright & Sault 1993 and with the IRAM 30-m telescope at 230 GHz (Salter et al. 1989 ). Wright & Sault (1993) commented briefly on the global spectrum of the lobes of Cygnus A at ∼ 90 GHz, but their result does not tell us anything about the variation of the centimetre-to-millimetre spectrum of the source as a function of position. More recently, we used BIMA to observe the radio galaxies 3C 123 and 3C 20 (Looney & Hardcastle 2000 , Hardcastle & Looney 2001 ) at similar frequencies. We noted that the integrated spectrum of a part of the northern lobe of 3C 123 was inconsistent with an ageing model, leading us to suggest that particle acceleration might be ongoing in that region. An upper limit on the flux density of the southern lobe was consistent with ageing models, however. In 3C 20, the centimetre-to-millimetre spectrum of a part of the eastern lobe was very consistent with spectral ageing models, in contrast to the results of Katz-Stone et al.
In this paper we combine the results of this and other earlier work with new observations of a small sample of FRII radio sources using BIMA, taken in configurations intended to allow us to separate lobes from core, jet and hotspot emission. When combined with observations with the NRAO Very Large Array (VLA) and the Multi-Element Radio Linked Interferometer Network (MERLIN) the resulting database of objects allows us to make some general statements about the high-frequency spectral properties of components of FRIIs and about the viability of standard spectral ageing models. We also comment on the prospects for observations of radio galaxies with the Atacama Large Millimeter Array (ALMA). J2000.0 co-ordinates are used throughout, and spectral index α is defined in the sense S ∝ ν −α . Resolutions quoted are the major × minor FWHM of elliptical restoring Gaussians (the Gaussian is circular if only one number is quoted) and the position angles quoted are the angle between the major axis and north, defined in the sense that positive angles indicate a rotation eastwards.
THE OBSERVATIONS
Our aim in making new observations was to detect the lobe-related emission seen in our observations of 3C 123 and 3C 20. Accordingly, we selected for observation FRII radio sources with high surface brightness, so as to maximize the prospects of detecting the comparatively low-surface-brightness lobes with BIMA. We chose our targets from the 3CRR sample (Laing, Riley & Longair 1983 ). After excluding compact-steep-spectrum sources, which BIMA cannot image usefully given their small angular size, and core-dominated objects, we obtained the sample listed in Table 1. The two sources we had previously observed, 3C 20 and 3C 123, would also have been selected from 3CRR by these criteria. 3C 405, our final object, is excluded from 3CRR because of its low Galactic latitude, but is of course of very high surface brightness at low frequency. Data for 3C 405, the B-and C-array components of the mosaiced observations discussed by Wright, Chernin & Forster (1997) , were kindly supplied by Mel Wright. The five new sources were then observed with BIMA 1 . Observational details are given for all eight of the FRIIs discussed in this paper in Table 2 . Our strategy in each case was to observe with the BIMA configurations required to sample fully the largestscale structure seen in the source at lower frequencies. We observed the largest sources with the BIMA D-array; the smallest source, 3C 295, only required B-array for full sampling, but we also used A-array to resolve the source. In all cases, the correlator was configured to give two 800-MHz bands around 86 GHz; for 3C 295, these were centred on 83.15 and 86.60 GHz, while for the other newly observed sources they were at 86.00 and 89.44 GHz.
The new data were calibrated in MIRIAD (Sault, Teuben & Wright 1995) . Amplitudes were mostly calibrated by using observations of Mars and Uranus to bootstrap a nearby bright point source, which was then used as a phase calibrator. For the observations of 3C 295, we used 3C 273 as a flux calibrator, basing its flux density on monitoring observations, which gave a flux density at our observing frequency of 11 Jy; at A configuration we made frequent observations of a nearby bright quasar, J1419+543, to track short-timescale atmospheric phase variations. The similar strategy adopted for 3C 123 is discussed in detail in Looney & Hardcastle (2000) . The error in the flux density calibration is likely to be of the order of 10 per cent.
The datasets at the various different BIMA configurations were then combined, and final images were made in AIPS using the IMAGR task, except for the observations of Cygnus A, where the joint deconvolution algorithms provided by MIRIAD were used to image each sideband, and the final images were combined in AIPS. For a typical source, where the longest baselines were provided by the B configuration, the full resolution of the combined datasets was about 3 arcsec, and the off-source noise at that resolution was between 0.5 and 1 mJy beam −1 . In Figs 1 to 8 we show images of all these sources. Hardcastle et al. (2002) discuss B-array BIMA observations of three further FRII sources, one radio galaxy (3C 330) and two quasars (3C 263 and 3C 351). These objects were not selected for high lobe surface brightness, but for hotspot brightness: moreover, the B-array observations are not optimized for lobe detections, and so can only tell us about compact source components. We make use of these observations to increase our sample of core and hotspot measurements. Details of this additional sample are given in Table 3 and the observing parameters are given in Table 4 . The two observing bands used were at 83.2 and 86.6 GHz. Images of these three sources are shown in Figs 9 to 11. Only observations that were used in the analysis are listed. Durations are for the entire run, including calibration observations; this indicates the coverage of the uv plane obtained. Typical on-source integration times are 60 per cent of the run time for C and D configurations, 50 per cent for B configuration, and 30 per cent for A configuration. The frequency listed is the effective frequency of the final images, the mean of the central frequencies of the two BIMA bands used in each case. Notes as for Table 2 .
RESULTS: COMPONENTS OF RADIO SOURCES
As Figs 1-11 show, BIMA detects emission from the cores, jets, hotspots and (in some cases) the lobes of the sources in the samples. In this section we discuss the trends seen for each of these components. Throughout we refer to the BIMA observing frequency for simplicity as 90 GHz, though the correct effective frequency for each source is used when calculating two-point spectral indices.
Cores
Eight of the eleven sources in the combined sample show 90-GHz core components. In Table 5 we tabulate flux densities for the cores of our sample at centimetre and millimetre wavelengths. These results show that it is normal for the arcsecond-scale cores of both radio galaxies and quasars to have fairly flat spectra (α mm cm < 0.5) over this range of radio frequencies. In most cases the mm-wave flux density is less than the highest value measured at lower wavelengths, which suggests that core spectra typically peak at intermediate frequencies of tens of GHz. However, there is no sign of a cutoff in the spectra of cores by 90 GHz. Similar results have been obtained for other individual low-redshift radio galaxies; for example, Das et al. (2005) detect a 90-GHz core at a level of ∼ 15 mJy in the nearby (z = 0.011) FRI radio galaxy NGC 3801, which has a 5-GHz core flux density of 3.5 mJy ) while at 8.4 GHz archival VLA observations give a core flux density of 5.9 mJy, implying a substantially inverted spectrum. Studies of core-dominated objects such as blazars at high frequencies (e.g. Bloom et al. 1994) show that flat radio-mm spectra are also typical in those objects. One might expect that our results in this paper would imply that high-redshift radio galaxies would show flat core radio spectra at lower observing frequencies; interestingly, though, this is not consistent with the results of Athreya et al. (1997) , who found predominantly steep (α > 0.5) spectra at rest-frame frequencies as low as 20-30 GHz in a sample of z > 2 radio galaxies. This may be evidence for a true redshift and/or luminosity dependence of the rest-frame behaviour of radio cores, but we emphasise that our sample (by virtue of its selection) is by far from being representative of radio galaxies and lobe-dominated quasars as a whole; observations of a complete sample are required to draw definitive conclusions.
None of the sources for which we have multi-epoch BIMA data shows evidence for strong mm-wave core variability on timescales of months; the core flux densities in individual observations are consistent within the errors. Two of our sources, 3C 123 (Looney & Hardcastle 2000) and Cygnus A (Wright & Sault 1995) show some evidence for variability on longer timescales when the BIMA core flux density is compared with that measured with other instruments. None of our targets is known to have a strongly variable core at longer wavelengths.
Jets
Jet-related emission is clearly detected in three of the newly observed sources, 3C 388, 3C 401, and 3C 438. This is the first time that FRII jets have been detected at these high radio frequencies. No jet-related emission is detected from five other sources (3C 20, 3C 220.1, 3C 263, 3C 351 and 3C 405) that have known centimetrewave jet detections, but the jets in these objects are considerably fainter at lower frequencies. The three detected sources are all part of the class of low-excitation radio galaxies with prominent jets and Mullin et al. (2006) . For 3C 351, only the southern component of the two described by Bridle et al. (1994) is included in the 5-and 8-GHz flux density measurements, while the 1.4-GHz measurement is considered an upper limit because the resolution is too low to separate the two. Note that this table takes no account of possible core variability at any frequency.
diffuse hotspots, possibly lying in rich environments, identified by Hardcastle et al. (1997) .
To investigate the spectra of the jets we used the 1.4 and 8.4-GHz radio maps listed in Table 5 and the full-resolution BIMA datasets. We defined regions on the BIMA maps that include all the apparently jet-related flux density, and then extracted all the apparently jet-related flux density from the (typically much higher resolution) VLA/MERLIN maps. For the GHz-frequency maps the dominant source of (non-systematic) error is the absolute flux density calibration of the images, which we estimate conservatively at 3 per cent. Systematic errors are dominated by the requirement to subtract a background due to the lobes -we did this using identical offset regions adjacent to the jet. For the BIMA images, the thermal noise in the extraction region and the overall estimated flux density calibration error are added in quadrature to give a flux density error estimate. Results are tabulated in Table 6 .
In all three of the jet sources we see that the two-point spectral indices between low and high frequencies are significantly inconsistent, in the sense that the spectrum is steeper between cm and mm wavelengths. Thus the spectrum cannot be modelled with a single power law between 1.4 and 90 GHz -a spectral break is required. As the jets in these regions are knotty and complex, a single simple spectral model is probably not appropriate anyway, but it does suggest that these jets are not similar in this respect to FRI jets, which in spite of knotty and complex structure can have a fairly flat spectrum out to the optical and beyond. Chiaberge et al. (2005) report a detection of the 3C 401 jet in Hubble Space Telescope near-infrared images, implying a flux density of 6.0 µJy at 190 THz, which would correspond to a spectral index between the mm and infrared of ∼ 0.74: thus it seems that the spectrum of the jet breaks at frequencies between 10 and 100 GHz and then remains roughly constant over many decades in frequency. Nothing is known about the high-frequency behaviour of the other two jets, although they are not detected in Chandra images.
The brightest non-detected jet in the sample is that of 3C 263 (Bridle et al. 1994) , with a radio flux density around 13 mJy: the 3σ upper limit on the 90-GHz flux density from the jet region is 6 mJy, so no interesting limit can be placed on the jet spectral index.
Hotspots
Almost all of our targets have clear detections of the region at or around the hotspots at 90 GHz. Only the faintest cm-wave hotspots (3C 263 W and 3C 351 S) are undetected in these observations. Since our observations sample a wide range of hotspot structures, we can conclude that it is plausible that few or no FRII hotspotsat least in large, powerful FRIIs -have spectra that cut off below the mm band. This is of course unsurprising in view of the detections of optical, infrared and sometimes X-ray synchrotron radiation from hotspots (Meisenheimer, Yates & Röser 1997; Hardcastle et al. 2004 ) and the fact that the mm-wave observations probe electron energies only a factor 3 above the highest-frequency cm-wave observations. The high-energy cutoff for particle acceleration is set by the balance between acceleration and loss, and it seems that the very high energy loss rates (implying high photon and/or magnetic field energy densities) required to push that cutoff down to a level where it appears at cm or mm wavelengths are not found in the type of objects we have studied here, though they may be present in some compact steep-spectrum sources (e.g. 3C 196, Hardcastle 2001) .
The spectra of the hotspots of many of our sources have been discussed in detail elsewhere [3C 405, Wright et al. (1997) ; 3C 123, Looney & Hardcastle (2000) ; 3C 20, Hardcastle & Looney (2001); 3C 263, 3C 330 and 3C 351, Hardcastle et al. (2002) ]. In general these results have confirmed what has been known for some time from other work (e.g. Meisenheimer et al. 1989) : some sources' hotspots have spectra that are flat up to optical or even X-ray frequencies, while others exhibit a clear spectral steepening either between cm and mm wavelengths, as was the case for 3C 123, or between the mm-wave and the near-infrared. In Table 7 we provide a compilation of radio and mm-wave flux densities for our sample.
Since in general the cm-wavelength maps have higher resolution than the mm-wavelength ones, we adopt the approach (discussed in our earlier papers) of quoting only the flux density of the most compact components accessible to us at radio wavelengths, determined by direct integration with background subtraction where these are well resolved and fitting a Gaussian and baseline when they are not. At 90 GHz we quote flux densities measured by direct integration of the apparently hotspot-related region of the map. This is the correct thing to do if we believe that all the flux density at 90 GHz is due to the hotspot; if there is in fact excess (lobe-related) 90-GHz emission in our integration region, we will tend to overestimate the 90-GHz hotspot flux density, but this seems inevitable without higher-resolution mm-wave observations. We have chosen not to tabulate hotspot flux densities for the three sources (3C 388, 3C 401 and 3C 438) with diffuse hotspots at cm wavelengths, since for these sources we cannot distinguish adequately between hotspots and lobe emission (see section 3.4, below).
The contents of Table 7 are plotted in Fig. 12 . This illustrates the wide range of cm-mm spectral indices found in the data (α from ∼ 0.6 to ∼ 1.5). One trend that is apparent is that in several cases, within a given source, brighter hotspots have steeper cm-to-mm spectra (α mm cm ). In several of these objects the brighter hotspots are large secondaries (as in 3C 20, 3C 351 and 3C 405) and so this may be connected to the observation that large diffuse secondary hotspots in multiple-hotspot sources tend not to show X-ray synchrotron radiation ; as discussed in previous work (e.g. Hardcastle & Looney 2001) there is little evidence for spectral ageing effects in secondary hotspots at these frequencies. The data also hint that more luminous hotspots have steeper α mm cm , but there are insufficient sources to carry out meaningful statistical comparisons.
Lobes
It is very clear that hotspots, cores and (where present) jets dominate the high-frequency radio emission from these sources. Nevertheless some sources show clear emission from lobe regions. These are 3C 20 and 3C 123 (as described in our earlier papers), 3C 405 (where a spur of emission leading N and W from the E hotspot is seen) and 3C 388 (where the W hotspot is extended to the SE). In all four of these cases the 'lobe' emission at mm wavelengths is well matched morphologically to high-surface-brightness features close to the hotspot at cm wavelengths. As noted above, extended emission in 3C 388 E, 3C 401 and 3C 438 cannot unambiguously be associated with either the lobes or the hotspots, but it is plausible that some or all of this emission is also related to the lobes. No lobe-related emission is seen in 3C 220.1 or 3C 295, though of course these are the highest-redshift sources in our sample with observing frequencies corresponding to > ∼ 140 GHz in the source frame.
In Fig. 13 we show maps of spectral index between 8.4 and 90 GHz for the four small sources with detected emission that might be lobe-related. 3C 20 (as already discussed in Hardcastle & Looney 2001 ) and 3C 388 show clear spectral steepening away from the hotspots. In 3C 401 and 3C 438 the flattest-spectrum regions are the jets (already discussed above) and there is no clear evidence for resolved spectral steepening in the lobes.
We concentrate initially on the sources with clear detections of lobe-related emission at 90 GHz: 3C 20, 3C 123, 3C 388 and 3C 405. The spectra of the lobes of the first two is discussed in our earlier papers: we measured flux densities in matched regions defined using the 90-GHz maps for 3C 388 and 3C 405. In all of these sources we find that the spectral index between cm wavelengths (5 or 8 GHz) and 90 GHz is steeper in the extended emission than in the corresponding hotspot, which is qualitatively consistent with expectations from spectral ageing models. However, if there is any curvature in the hotspot spectra (as there is in the spectra of the 3C 123 and 3C 405 hotspots) then a simple decrease in the magnetic field strength and electron energy, as expected if plasma expands adiabatically on leaving the hotspots, would also produce such a result. As discussed in Section 1, we showed in the case of the peculiar object 3C 123 that the spectrum of the detected northern lobe region is inconsistent with a Jaffe & Perola (1973; hereafter J-P) spectral ageing model, perhaps a result of particle reacceleration in the lobe. By contrast the spectrum of the 3C 20 E lobe is well fitted with a J-P model provided that the 'injection index' (the low-frequency spectral index) is tuned to allow a good fit to the low-frequency data. In 3C 388, the only other source where we have multi-frequency data on the lobes readily available, we find that the same is true -a J-P model provides a good fit to the data from the W lobe provided that the injection index is ∼ 0.7. Our data are not sensitive enough to take the next step and produce maps of spectral age as a function of position to test whether the spectral ages required are physically reasonable and/or consistent with what is found at lower frequencies.
For the sources with undetected lobes (3C 220.1 and 3C 295) we can only set lower limits on the spectral indices of any undetected lobe emission of α 90 8.4 (lab frame) > 1.2 for both sources. This is consistent with the measured spectral indices in the steepestspectrum regions of other sources (Fig. 13 ) and so there is little evidence for a difference in physical behaviour in these two objects.
DISCUSSION

Summary: radio galaxies at 90 GHz
Our observations have now detected at 90 GHz the synchrotron emission from arcsec-scale components of FRII radio galaxies seen at lower frequencies: cores, jets, hotspots and lobes. We can summarize our results and their consequences as follows:
• Cores are flat-spectrum up to 90 GHz in most cases, implying that synchrotron self-absorption continues to be important in the cores well above cm wavelengths.
• Bright jets are detected and show curved or broken power-law spectra, which is interesting given that the mechanism of particle acceleration in FRII jets is not well known at present. Particle acceleration in jets is required for the jets to be visible (unless they are simply boundary-layer effects) but is essentially ignored in most models of particle acceleration and energy transport in FRIIs. The jets we see at 90 GHz are predominantly in objects with atypically bright cm-wavelength jets, though, and it is not clear that they tell us what will be seen when more typical FRII sources are observed with higher sensitivity.
• Hotspots have been known for some time to be bright sources at 90 GHz and beyond, and are clearly detected in all of our targets that show compact, bright hotspots at lower frequencies. This is unsurprising given the known detections of hotspots (including several in our sample) at infrared, optical and X-ray wavelengths in synchrotron emission. The wide variety of spectral indices seen between 8 and 90 GHz indicates that hotspots have significantly different electron energy spectra by energies corresponding to 90-GHz synchrotron emission.
• Emission from the lobes is not universal but is common in our (2000); 3C 405 hotspots A and D, radio flux densities from Carilli et al. (1991) ; all other values, this paper. For 3C 405 we use the conventional notation of Carilli et al. (1991) to label the hotspots; hotspot A and B are respectively the secondary and primary hotspots in the W lobe and D the brightest hotspot in the E lobe. Similarly for 3C 351 we use the notation of Bridle et al. (1994) , in which J is the compact primary hotspot and L is the secondary. † We take the opportunity to correct the incorrectly transcribed flux density for 3C 330 W that was quoted by Hardcastle et al. (2002) .
sample of high-surface-brightness targets; it comes preferentially from high-surface-brightness regions of lower-frequency emission close to the hotspots. Spectral indices in the lobes between cm and mm wavelengths are typically steep, α > 1.0, and so qualitatively the properties of the lobes are consistent with the standard spectral ageing model. In a few cases we have been able to show quantitative consistency with a Jaffe & Perola (1973: J-P) electron spectrum, though in at least one case (3C 123) we have argued elsewhere that reacceleration in the lobes may be required to produce the high-frequency emission.
Prospects for ALMA and the EVLA
The observations summarized in this paper give a preview of the components that ALMA may be expected to detect when it observes FRII radio galaxies at frequencies around 90 GHz. However, ALMA will have instantaneous sensitivity an order of magnitude higher than BIMA, substantially better uv plane coverage, and higher angular resolution. The increase in our capability to image mm-wave structures in extragalactic radio sources will be comparable to that obtained at cm wavelengths when the VLA first became available at the end of the 1970s. Our work here has shown that there are questions that only ALMA can answer regarding the detailed spectral structure of radio galaxies. Since the synchrotron spectra of lobes, particularly near the hotspots, appear to be cutting off in the mm regime, ALMA will provide the best possible leverage on models of spectral ageing and therefore of energy transport and particle dynamics in the lobes. ALMA should also be able to probe the high-frequency structure of FRII jets for the first time. We emphasise however that these projects will require us to combine mm observations with observations at lower frequencies with instruments like the (expanded) VLA, bearing in mind that the VLA will have greatly increased sensitivity at frequencies of tens of GHz once the EVLA upgrade is complete. Higher ALMA frequencies will be of value in studies of hotspots but will probably not probe deep into the lobes, and the increasingly small ALMA field of view at high frequencies will probably prove restrictive in this respect. The requirement for complementary observations at lower radio frequencies is a motivation for studies of equatorial samples of lobe-dominated radio galaxies in the run-up to the ALMA era (e.g. Best, Röttgering & Lehnert 1999) .
One intriguing possible use of ALMA is in the direct detection of the expected Sunzaev-Zel'dovich (S-Z) effect from radio galaxy lobes (Enßlin & Kaiser 2000; Colafrancesco 2008 ). Since X-ray inverse-Compton emission from the lobes of radio galaxies is now routinely detected (e.g. Kataoka & Stawarz 2005; Croston et al. 2005) we know the electron content of radio lobes well enough to make predictions at the level of individual radio galaxies, and signatures of the S-Z effect may well in principle be detectable at mm wavelengths, with the possibility of providing information about the low-energy electron spectrum (Colafrancesco 2008) . Apart from the weakness of the signal, the major difficulty is the synchrotron emission at these wavelengths. Our work in this paper shows that emission from cores and hotspots is likely to be unavoidable, at least in active radio galaxies as opposed to relics. However, some hope is provided by the (limited) evidence that spectral ageing may be operating as expected at high frequencies in these lobes. In the (most favourable) case of effective pitch angle scattering (i.e., a J-P spectrum), assuming losses dominated by a constant, fully tangled magnetic field of strength B, the maximum Lorentz factor in the electron spectrum is γc = 3mec 4σT (Pacholczyk 1970) where σT is the Thomson cross-section, me is the mass of the electron, U is the energy density in the magnetic field (U = B 2 /2µ0) and t is the ageing time. This energy corresponds to a characteristic 'break' frequency given by (Longair 1994) where e is the charge on the electron, and so (Leahy 1991) . As shown graphically by Jaffe & Perola (1973) and Leahy (1991) , the synchrotron spectrum rapidly steepens at frequencies at and around ν b . Because the steepening in the J-P spectrum is monotonic, there is a unique value of the break frequency that produces a flux density ratio R between two observed frequencies ν1, ν2 (s.t. ν2/ν1 = f ) if the spectrum is a power law at frequencies ≪ ν b with a spectral index (the 'injection index') α and − log(R)/ log(f ) > α. GHz (source frame) is 1 Jy, which is at the high end of what is observed for a typical 3CRR source, and we require the flux density at ν2 = 90 GHz to be < 1 µJy (i.e., well below any detectable S-Z effect), log 10 (f ) ≈ 1, log 10 (R) = −6 and Fig. 14 shows that ν b ≈ ν1. We can then use eq. 3 to find the required age of the plasma for a given magnetic field strength. For typical observed magnetic fields ∼ 1 nT (Croston et al. 2005 ) we require lobe ages (i.e. times since particle acceleration) of > ∼ 2 × 10 7 years, which will be achieved only in large, old radio galaxies; ages comparable to this are however found in some spectral ageing studies (e.g. Alexander & Leahy 1987) Fig. 14 shows that these conclusions only change weakly if we are searching for the S-Z effect at higher frequencies. However, there is a strong dependence on the magnetic field strength, so more powerful radio galaxies with higher magnetic field strengths may be better targets. Large radio galaxies are in general the best targets for S-Z detections, both because spectral ageing will have had the greatest effect and because the integrated S-Z decrement (for a given lowenergy electron spectrum) is essentially proportional to the energy stored in the lobes, but in practice there will be a tradeoff between these factors and the requirement that the source be well imaged in ALMA's small field of view. Nevertheless we consider that S-Z detection experiments, while challenging, are not completely ruled out by what our observations have shown us about the nature of radio galaxies at ALMA frequencies.
We emphasise that the calculation we have carried out here assumes that the J-P electron spectrum is a completely accurate description of the lobes. If there is even a very small amount of local particle reacceleration in radio galaxy lobes, or (equivalently) rapid transport of high-energy electrons from the hotspots, then the flat-spectrum radiation produced will completely dominate the mm-wave emission from the lobes in 'old' regions of plasma far from the hotspots (potentially in the manner we saw in our observations of 3C 123; Looney & Hardcastle 2000) . Another way of interpreting the calculations above is that they show ALMA's ability to provide a very sensitive probe of the degree to which local particle acceleration is important in lobes. Thus deep ALMA observations of old radio lobes are likely to produce interesting results whether they detect the S-Z effect or not. . Contours overlaid are from matched-resolution 8.4-GHz maps in each case. These maps were made from the VLA uv data used by Hardcastle et al. (1997) , Kraft et al. (2006) , Hardcastle et al. (1997) and Treichel et al. (2001) respectively. White contours are used when the underlying spectral index map is dark. Figure 14 . The ratio of flux densities at two source-frame frequencies ν 1 and ν 2 as a function of ν 1 /ν b , where ν b is the break frequency defined in eq. 3. A
